In this review, examples of applications of the photoinduced electron transfer (PET) process between photo-oxidizing Ru-TAP (TAP = 1,4,5,8-tetraazaphenanthrene) complexes and DNA or oligodeoxynucleotides (ODNs) are discussed. Applications using a free Ru-TAP complex (not chemically anchored to an ODN) are first considered. In this case, the PET gives rise to the production of an irreversible adduct of the Ru complex on a guanine (G) base, with formation of a covalent bond. After absorption of a second photon, this adduct can generate a bi-adduct, whereby the same complex binds to a second G moiety. These bi-adduct formations are responsible for photo-cross-linking between two strands of a duplex, each containing a G base, or between two G moieties of a single strand such as a telomeric sequence, as demonstrated by polyacrylamide gel electrophoresis analyses or mass spectrometry. Scanning force microscopy also allows the detection of such photobridgings with plasmid DNA. Other applications, for example with Ru-
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Applications for bi-adduct formation with two absorbed photons and one free Ru complex (a) Detection of bi-adducts
As explained above, the conditions to produce a mono-adduct of a G base of a mono-or polynucleotide to a Ru-TAP complex such as that shown in figure 2 have been fully investigated previously [23, 24] . The formation of bi-adducts was first discovered with another complex, [Ru(HAT) 2 phen] 2+ (HAT = 1,4,5,8,9,12-hexaazatriphenylene) (figure 3a) [32] . This compound behaves in the same way as the Ru-TAP complexes, thus also leading to a PET process and adduct formation. However, the high-pressure liquid chromatography and mass analyses of an illuminated solution of [Ru(HAT) 2 phen] 2+ in the presence of GMP revealed, in addition to mono-adduct production, the occurrence of a bi-adduct. In electrospray mass spectrometry, the mono-adduct is characterized by a mass representing the sum of the mass of the complex plus that of GMP minus two H atoms [33, 34] . Thus, quite logically, the mass of a bi-adduct should be characterized by a total mass comprising: the mass of the complex, plus two GMP molecules and minus four H atoms. This mass was, indeed, detected with the HAT complex [34] , but no further structural information could be obtained owing to the difficulty of isolating the bi-adduct in sufficient amounts. On the basis of these results, bi-adducts should also be formed with the Ru-TAP complexes discussed earlier. However, as the separation of the Ru-TAP photoproducts after illumination in the presence of the mononucleotide GMP was rather difficult, the easiest experimental way and best proof of their formation was to go one step further, i.e. to use G-containing ODNs. Indeed, in that case, if there are G bases on the same strand or on different strands and that are not too far away from each other, irreversible photo-cross-linking should be produced between these G units.
(b) Inter-strand photo-cross-linking of oligodeoxynucleotides via bi-adduct formation
In order to demonstrate unambiguously the formation of a bi-adduct via the occurrence of photo-cross-linking between two G-containing oligonucleotides, three types of photo-oxidizing Ru complexes have been tested [35] [32] indicates that it interacts less efficiently with DNA than complexes containing a classical intercalating ligand such as dppz or PHEHAT. Viscosity measurements with CT-DNA indicate that [Ru(HAT) 2 phen] 2+ induces an increase in viscosity that is slightly lower than that with ethidium bromide [34] , and its retention of emission polarization anisotropy in the presence of DNA is significantly lower than that for a classical metallo-intercalator [35] . The bi-adduct formation with these three mononuclear heteroleptic complexes was studied in the presence of complementary G-containing 17-mer ODNs by polyacrylamide gel electrophoresis (PAGE) experiments under denaturing conditions [35] . Thus, if the 5 end of one of the 17-mer ODNs is 32 P-labelled and if photo-cross-linking is formed upon illumination of the complex in the presence of the two complementary strands, a retarded band corresponding to a duplex should be observed on the gel, even under denaturing conditions, as the two complementary strands are linked by covalent bonds upon photo-cross-linking formation (schematic representation in figure 4 ). By contrast, in the absence of photo-crosslinking, only spots migrating as single strands should be visualized. [Ru(TAP) 2 phen] 2+ and [Ru(HAT) 2 phen] 2+ exhibit a similar behaviour in the presence of different 17-mer duplexes (with zero to four base pairs between the two G bases): in both cases, photo-adducts corresponding to the mono-adduct and to the photo-cross-linking are observed [35] . The mono-adduct is observed upon illumination of both complexes in the presence of each duplex, whereas, by contrast, the photo-cross-linking appears only for the duplexes in which there is only zero or one base pair between the two G bases. The percentage of mono-adduct reaches 40 per cent within the first 15 min of illumination, then increases more slowly and even starts decreasing. In parallel, the percentage of photo-cross-linking increases slowly up to almost 10 per cent. This indicates that the mono-adduct has first to be formed before photoreacting to generate the photo-cross-linking. This photo-cross-linking is observed, however, only when zero or one base pair is present between the G bases. For the other examined 17-mer ODNs, the G-G distances are larger, so that the distortion of the duplex, which would be needed for photo-cross-linking, is also important. These experimental results are in agreement with molecular modelling.
By contrast, for [Ru(TAP) 2 TPAC] 2+ , which intercalates and binds strongly to DNA, the photocross-linking cannot be detected under conditions of identical loading levels of the duplex by the complex, but appears only by overloading the double helix [35] . Thus, when the intercalative binding mode predominates, no photo-cross-linking is formed. This indicates that the intercalation, which induces poor mobility of the complex inside the double helix, prevents access to the nitrogen groups of the G bases for the second adduct formation. By contrast, when the ODN is overloaded, i.e. when [Ru(TAP) 2 TPAC] 2+ binds to DNA not only by intercalation but also by adsorption, the photo-cross-linking can be formed.
These results show that, even if complexes fulfil the criteria of a high photo-oxidizing power and good photoreactivity towards G moieties, they also have to fulfil interaction geometry and mobility criteria to allow the double anchoring process. Of course, the yield of this photo-crosslinking is rather low, because the double anchoring process requires two successive absorptions of a photon by the same complex.
In order to improve photo-cross-linking, an a priori more suitable complex, the dinuclear [(TAP) 2 Ru(TPAC)Ru(TAP) 2 ] 4+ , has been studied [46] . This complex has a photo-oxidizing power similar to that of the mononuclear [Ru(TAP) 2 TPAC] 2+ but, because of the presence of the two Ru and the four TAP ligands, the probability of forming more than one photo-adduct on the same complex should increase, which should consequently improve the photo-cross-linking efficiency. This complex also exhibits large emission anisotropy upon DNA binding, which is attributed not to an intercalative process, as shown with its mononuclear analogue [Ru(TAP) 2 4+ and different 17-mer duplex sequences; ds, double strand, followed by the number of base pairs between the two Gs (0-6). presence of 100 mM NaCl and 100 mM KCl), which is mainly attributed to important electrostatic interactions between the negatively charged phosphate backbone and the 4+ charge of the complex. The photo-cross-linking ability of this binuclear complex has been evaluated with a series of 17-mer duplexes differing by the number of base pairs between the G bases on each strand (from zero to six base pairs). As shown in table 1, the percentage of photo-cross-linking is maximum for the duplexes in which the two Gs are separated by three and four base pairs. This is in full agreement with the comparison of the distance between the two Ru reactive centres, and the distances separating the two G bases in the duplex (figure 5). These results also support the conclusion that each Ru(TAP) 2 moiety behaves independently. With the two sequences giving the highest efficiency for the double-anchoring process, the evolution of the percentage of photocross-linking has been measured as a function of the illumination time (table 2) . After 4 min illumination, the mono-adduct already represents 30 per cent and the photo-cross-linking only 6 per cent of the total radioactivity. With increasing illumination times, the amount of mono-adduct first increases, then stabilizes, whereas the amount of photo-cross-linking increases steadily up to 37 per cent after 30 min illumination. The kinetics analysis indicates that the mono-adduct has to be formed first, and, afterwards, absorption of light by this mono-adduct gives rise to the double anchoring. As expected, this binuclear complex is revealed to be much more efficient at photo-cross-linking than the mononuclear complexes studied previously.
(c) Intra-strand photo-cross-linking of oligodeoxynucleotides via bi-adduct formation
This photo-cross-linking process would be of great interest in the case of G-rich DNA sequences, which are known to form highly structured architectures called G-quadruplexes [47, 48] . Those structures play a crucial role in several biological processes such as telomer stabilization or oncogene activation [49] [50] [51] . The folded G-quadruplex conformation thus represents an interesting pharmaceutical target, and it would be particularly interesting to stabilize and 'freeze' these architectures via photobridging of two or more Gs. 4 using gel electrophoresis under denaturing conditions. As shown in figure 6 , after only 3 min illumination, 75-80% of the starting sample has reacted (more than 90% after 6 min). This photoreaction is extremely rapid compared with the photo-cross-linking described earlier, with either the mononuclear or dinuclear complexes. For comparison, under . Furthermore, the binuclear complex, in contrast to its mononuclear analogue, leads to the observation of five or six new bands, tentatively attributed to the addition of one to six complexes on the telomeric sequence. As a function of increasing illumination times, the faster migrating adduct, giving the most intense spot after 3 min illumination, decreases in favour of the less migrating and finally non-migrating bands. The occurrence of covalent adducts with this telomeric sequence has been proven by nano-electrospray ionization analyses on the dialysed solution after illumination [46] . These analyses, complicated by the presence of a mixture of products, clearly showed the presence of photo-adducts corresponding to the addition of more than one complex on the telomeric sequence and indicated most probably the appearance of photo-cross-linked species inside the telomer. Such intramolecular photo-cross-linking would thus prevent the telomer unfolding and, consequently, block the telomerase activity, which could lead to very interesting therapeutic applications.
(d) Effects of bi-adduct formation with 500-base-pair linear DNA fragments and plasmid DNA as revealed by scanning force microscopy
As outlined earlier, the photo-addition of two G units on one Ru-TAP complex allows the cross-linking of either two ODNs or inside a folded single-strand ODN at the sites of the G bases; this is detected by mass spectrometry or gel electrophoresis. Very interestingly, the effects of these irreversible photobridgings of DNA can also be examined by scanning force microscopy (SFM) [52] . For this, longer DNA sequences have to be used; therefore, 500-base-pair DNA restriction fragments and plasmid DNA pUC19 have been examined. It was shown a long time ago that the illumination of Ru-TAP complexes in the presence of plasmids (figure 8) induces cleavages, as revealed by the occurrence of open circular and linear forms of the plasmid from agarose electrophoresis analysis [53] and from atomic force microscopy detections [54] . It is well known that the coiled circular plasmid is transformed, just by one single nick, into its open circular form. It has been demonstrated that these photocleavages by the Ru-TAP complexes originate also from the PET process from a G base [23] . On the basis of these results, we should thus complete the photochemical reactions scheme shown in figure 1 by the addition of a supplementary reaction, subsequent to the PET process, i.e. a step corresponding to DNA cleavages. (The cleavages might also appear with the ODNs mentioned earlier, but the resulting mononucleotides or smaller ODN fragments migrate too quickly to be quantified on the gel. Therefore, it is not possible to compare directly the amount of cleavages with plasmids and with ODNs.) Although cleavages can easily be observed by SFM [55] , it was not known whether the formation of adducts (mono-and/or bi-adducts) or the consequences of their formation could also be observed by SFM of the plasmids? For that purpose, Ru-TAP complexes that intercalate in DNA, i.e. which exhibit a high affinity for DNA, have been chosen and their illumination effects directly compared with those of similar intercalating complexes but which do not induce a PET process. We thus compared the results of illumination with [Ru(TAP) 2 (PHEHAT)] 2+ and [Ru(phen) 2 (PHEHAT)] 2+ (figure 3c). Indeed, both complexes intercalate their PHEHAT ligand into the stacking of bases [44, 45] . However, as discussed earlier, the complex [Ru(TAP) 2 (PHEHAT)] 2+ , having two TAP ligands, gives rise to a PET process and adduct formation, which is not the case for [Ru(phen) 2 (PHEHAT)] 2+ . With regard to the plasmids, a non-illuminated or non-enzymatically treated supercoiled plasmid can be detected by SFM and exhibits, for example as shown in figure 9 , a precise number of nodes that can be easily counted from the SFM image. By contrast, an enzymatically treated plasmid, with one nick, exhibits, in most cases, two nodes in its relaxed conformation. The approach used previously by Jiang et al. [55] was adopted in this SFM study for characterizing the plasmids. Thus, the number of plasmids with a certain number of nodes was counted from the SFM images and plotted as a function of the number of nodes. The resulting curve is illustrated in figure 10 , and represents the fraction of plasmids or the plasmid population with different numbers of nodes. From figure 10 , the highest population for untreated plasmid molecules has a node number of seven, and that for the enzymatically nicked plasmid molecules in open circular conformation (single nick) has a node number of two. We have to note that, for the SFM images, poly-L-lysine (PLL)-coated mica plates were used because they give quite reproducible results. Furthermore, PLL, which is positively charged in neutral solution, allows kinetic trapping of the DNA objects, which gives rise to a projection from three to two dimensions on the mica surface. This explains the presence of overlapping (nodes) in the OC form. After illumination in the presence of [Ru(phen) 2 (PHEHAT)] 2+ , the plasmid's population changes and is described by a bimodal distribution of seven and two nodes (figure 11a up to 1 min illumination and figure 11b for longer illumination times up to 60 min). This is not surprising, because excited [Ru(phen) 2 (PHEHAT)] 2+ sensitizes oxygen into singlet oxygen, which is at the origin of these cleavages. Most of the Ru(II) complexes or organic intercalators photosensitize oxygen with occurrence of such cleavages. By contrast, as shown in figure 12a (up to 1 min illumination), the illumination of [Ru(TAP) 2 (PHEHAT)] 2+ induces a decrease in the seven-node population not only in favour of a two-node population but also in favour of a new population with five nodes. For longer irradiation times (up to 60 min), this five-node population shifts back to a population with a higher number of nodes (figure 12b complex on DNA restriction fragments, indicating an increase in the DNA resistance to bending [52] , the five-node population could be attributed to the formation of mono-adducts as detected above with the ODNs by PAGE. The new shift of population to higher numbers of nodes for longer irradiation times could be attributed to irreversible photo-cross-linking between two G bases of the same plasmid molecule, as explained earlier with the ODNs. In order to test this hypothesis, the illuminated plasmid in the presence of the Ru complex was treated afterwards with the EcoRI restriction enzyme, which resulted in the images shown in figure 13b ,c, in which one or even several nodes, assigned to photo-cross-linking, are visible. This is quite remarkable when compared with the result of the same enzymatic treatment but with a non-illuminated plasmid sample. Indeed, in that case, one nick gives rise to the formation of completely relaxed linearized plasmids (figure 13a).
In conclusion, SFM allowed the visualization, for the first time, of the photo-cross-linking between DNA strands, and in this case between different portions of the same plasmid. The mechanical and topological effects of these mono-and bi-adduct formations under illumination, as observed by SFM, should have important implications at the cellular level. 
Application of mono-adduct formation owing to one-photon absorption and a tethered Ru complex
For several decades, gene therapy with small ODNs has been the focus of much research and was believed as the 'gold strategy' for the future in the treatment of genetic diseases and cancers. Although some developments have been noted in the literature with promising results [56] [57] [58] [59] [60] , gene therapy still encounters some limitations owing to different problems such as drug delivery, toxicity of the ODNs and specific targeting. In this context, the use of ODNs bearing a photoreactive Ru-TAP complex could improve this strategy by allowing spatial and temporal activation of the drug and producing longer lasting effects. The latest developments in this field based on Ru-TAP complexes by using, in this case, one photon absorbed by an ODN tethered complex are discussed below.
(a) Demonstration of photo-cross-linking of Ru-ODN probes with ODN G targets
The conjugation of ODNs to Ru-TAP complexes is obtained either by using a modified thymine or uracil residue bearing the complex [61, 62] or by introducing into the Ru complex one ligand modified by an oxy-amine group. In this latter case, a highly specific oxime bond is then achieved in the presence of an ODN bearing an aldehyde function [63, 64] . The first experiments were conducted on Ru-ODN conjugates containing no guanine bases, in order to avoid any intramolecular photoreaction (the conjugates containing a G base, Ru-ODN G , will be considered below in §3c). The luminescence behaviour of these first Ru-ODNs was analysed by single photon-counting experiments, in the absence and the presence of a complementary ODN target. The study of the lifetime of the 3 MLCT excited states confirmed that the tethering of an ODN single strand to the complex does not introduce any quenching but, on the contrary, induces the occurrence of a lifetime component longer than the luminescence lifetime of the free complex in aqueous solution. This is attributed to the protection of the excited complex by the single-stranded ODN. By contrast, after hybridization of this Ru-ODN with a G-containing complementary target sequence, luminescence quenching indicates that a photo-induced process effectively takes place.
In order to detect possible photoproducts formed by this quenching, PAGE experiments under denaturing conditions were performed with Ru-ODN probes (figure 14) in the absence and the presence of their complementary ODN strands, in which several guanine bases are present and should, after hybridization, be in close vicinity to the Ru compound of the probe. After irradiation Figure 15 . Schematic of the photo-induced inhibition of the replicative enzyme (DNA polymerase; grey crescent), functioning from a DNA template, starting at the primer, and owing to the photo-cross-linking of a Ru-ODN probe (black). In the dark, the enzyme works normally and the Ru-ODN probe is thus expelled.
of this duplex, a retarded band appears on the gel ( figure 14) , which is attributed to the two ODN strands (probe and target) that are irreversibly linked. This process is called 'photo-cross-linking', as the two strands become covalently linked via the Ru complex after illumination and therefore migrate together in spite of the denaturing conditions [61] .
In the context of a biological application, this photo-cross-linking should alter the replication process of the genetic material. In vitro experiments within this framework have demonstrated that this photo-process with a Ru-ODN probe leads to complete inhibition of the enzyme DNA polymerase [65] . Indeed, although this enzyme in the absence of or even in the presence of the complementary Ru-ODN probe but in the dark is able to produce DNA from the DNA template, after illumination, the elongation of the primer is completely blocked at the site of the photo-cross-linking ( figure 15) . Moreover, photo-cross-linking has been proved to be resistant to the action of exonuclease III [62] . The demonstration of these inhibitions of DNA enzymes in in vitro systems represents a crucial milestone that highlights the interest in Ru-ODN conjugates as potential photoactivatable drugs in gene therapy. The photo-cross-linking process depends on several parameters, such as the site of anchoring of the Ru complex, its distance from the G bases and, of course, the number of G units, as well as the nature of the ligands chelated to the ruthenium centre. As the photoproduct is formed after the PET, factors influencing the electron transfer alter the yield of photo-cross-linking. As demonstrated in the literature [66] [67] [68] , stacking of the G bases decreases the G ionization potential, therefore increasing the rate and efficiency of the PET. This was indeed detected by an increased quenching of luminescence of the excited Ru-TAP complexes. The distance between the Ru complex anchored on the probe sequence and the guanine in the targeted ODN is also of critical importance for both the PET and the photocross-linking. The maximum distance reachable by the complex depends on its linker and on the direction followed by the tethered complex (3 or 5 direction) in the duplex configuration [65] . For example, with a previously examined complex and linker [62] , a photo-adduct could be formed with a G up to the fourth base towards the 3 side and the fifth base towards the 5 side.
The mode of interaction of the tethered Ru complex with the ODN duplex also influences the PET and photo-cross-linking processes, and sometimes in a counterintuitive way. In other words, the manner in which the complex [Ru(TAP) 2 dppz] 2+ is attached to the ODN probe, either by the TAP or by the dppz ligand, influences the behaviour of the system differently under illumination [69] ( figure 16 ). In the first case, the complex can intercalate into the stack of bases, and the electron transfer is then enhanced. In the second case, tethering via the dppz ligand prevents its intercalation. Under this condition, the PET process decreases; however, the photo-cross-linking yield is higher than with the intercalated complex. This can be easily explained. Indeed, in order to give rise to photo-cross-linking, a good relative geometry of the reduced complex and oxidized guanine is needed to produce the covalent bond. As the intercalated compound has reduced mobility, it cannot easily adopt a suitable geometry for the photo-adduct. Unexpectedly, intercalation has, thus, opposite effects on the PET and the photo-cross-linking yield.
(c) Photoreactivity of a Ru-ODN G and the 'seppuku' process As mentioned earlier, the first ODN sequences that have been tethered to the photoreactive Ru-TAP complexes were free of G bases, in order to prevent intramolecular photoreaction. The presence of a G in the Ru-probe (named Ru-ODN G ) could indeed inhibit the photoreactivity of the attached Ru complex with the G bases of the target, which should be in competition with the G moiety of the probe. Intra-strand photo-adduct formation should indeed be possible 13 and 14) . with a single-stranded ODN, which is more flexible than an ODN duplex. Nevertheless, it turned out that such Ru-ODN G conjugates exhibit a very interesting behaviour [70] . When they are irradiated in the absence of any complementary strand in solution, the luminescence of the tethered Ru compound is quenched, indicating that a PET occurs between the G base and the excited complex of the same strand. This PET can be followed by a photo-adduct formation, because an additional product is effectively detected with PAGE ( figure 17 ). This photoproduct has an increased electrophoretic mobility when compared with the starting Ru-ODN G , which can be explained by the fact that the intramolecular photoproduct adopts some kind of cyclic shape. Conversely, after irradiation of a Ru-ODN G in the presence of one equivalent of complementary ODN, thus a G-containing target, this cyclic photoproduct is no longer detected and photo-cross-linking between the two strands of the duplex is obtained, similar to that discussed in §3b. Even more interestingly, when irradiated in the presence of a noncomplementary scrambled ODN target, the only photoproduct detected with PAGE corresponds to the intramolecular photoreaction, i.e. a cyclic ODN conformation ( figure 17 ). In conclusion, in the absence of its specific target, the Ru-ODN G self-inhibits ( figure 18 ), preventing in this way any side photoreaction with a non-targeted G base. This self-inhibition process triggered under illumination was named the 'seppuku' process, in reference to the ritual suicides that were committed when warriors in Ancient Japan could not fulfil their duties. The 'seppuku' process represents a real improvement in the strategy based on the Ru-ODNs, because it allows very accurate targeting of a given gene sequence without side photoreactions. As mentioned earlier, in order to ensure an effective photo-cross-linking with the correct sequence, a guanine base in the target sequence has to be present close to the attached complex in the duplex form (see above). In addition to this condition, several other parameters have been examined that also influence the competition between the intermolecular photo-cross-linking and the intramolecular photo-inhibition (seppuku process). The general trend in this competition can be quantified by the ratio of the percentages of these two processes. Thus, several parameters have been shown to influence this ratio, including salt concentration, temperature, the presence of an intercalating ligand (see above), and the position and number of mismatches in a noncomplementary target [71] . Concerning the influence of salt and temperature, conditions close to those inside skin cells (33 • C and 50 mM NaCl) increase tremendously the specificity of the Ru probe for its targeted sequence. Moreover, the experimental results and molecular modelling performed on duplexes show that the most distant targeted guanine reachable by the attached complex corresponds to the sixth position on the target strand from the anchored complex on the probe sequence. The influence of the position of the G base inside the ODN probe is currently under investigation.
All these results highlight the interest in Ru-ODN G conjugates as attractive candidates for the photoactivated antisense strategy. To confirm their possible use in gene silencing, experiments were conducted with Ru-ODN G s designed on the basis of the rules established from these studies.
(d) Ru-ODNs in gene-silencing applications
On the basis of the above results on these 'intelligent photoactivatable Ru-ODNs', their promising efficacy in gene silencing has been tested with living cells. The choice of a gene to be silenced was guided by some literature results on oligonucleotide-based therapeutic strategies for human papillomavirus (HPV) infections, investigated by the antisense and RNA interference technologies [72, 73] . Although some promising results were obtained by the authors, they presented some limitations, for example, in the duration of the inhibition effects of the gene expression. The genes responsible for the development of this type of cancer thus constitute excellent targets for testing the photoactivity of the Ru-ODNs and seppuku strategy. Cancers caused by HPV represent 5.2 per cent of the world's cancer burden and include carcinomas of the cervix, penis, vulva/vagina, anus, mouth and oropharynx [74] . The majority of HPV-associated cancer cases are squamous cell carcinomas, for which treatment under illumination would thus be convenient.
For HPV-associated cancers, thus representing an attractive model for testing gene-specific therapy with Ru-ODN probes, it was shown that knockdown of HPV oncogenes E6 and/or E7 should result in cancer cell senescence or apoptosis. The E6 protein forms complexes with the p53 protein; this association inhibits its function as an apoptosis regulator, resulting in tumour progression [75] . Consequently, the role of gene E6 in HPV-mediated carcinogenesis may be to suppress p53-mediated apoptosis [76] . The E6 oncogene is thus an ideal target for targeted gene-silencing therapy in HPV + cervical cancer. HPV + SiHa cancer cells containing the gene E6 have thus been treated with photoreactive Ru-ODNs to test whether they behave as good Ruantisense oligonucleotides (Ru-ASOs) using commercial oligofectamine as the transfecting agent [77] . The Ru complex tethered to the 3 end of the ODN corresponds to [Ru(TAP) 2 phen] 2+ and the ODN sequence has been chosen so as to correspond to a sequence that is complementary to a 21-base-pair sequence of E6 and could thus behave as an ASO (sequence (a) of figure 19) . Moreover, the ASO sequence had to respond to the criteria elaborated from the earlier-described results, i.e. two C bases in positions 3 and 4 of the attachment site of the Ru-ASO complex [62, 65] be close to the photoreactive Ru complex, and one G would be more or less in the middle of the ASO sequence so that the seppuku process would be possible. Another Ru-ASO has also been tested and corresponds to a non-complementary sequence (Ru-nc) (sequence (c) of figure 19 ). When these Ru-ASO and Ru-nc sequences were illuminated as single strands or in the presence of the 21-mer synthesized complementary target sequence, and analysed afterwards by PAGE experiments under denaturing conditions, the results were as expected: thus, the seppuku process with the single-stranded Ru-ASO or with Ru-nc was observed, and no seppuku process was observed but photo-cross-linking occurred with the complementary strand.
The treatment of the SiHa cells with the Ru-ASO, followed by visible illumination, induced a growth inhibition (measured by a metabolic Alamar Blue assay) of 50-60%, 24 h post illumination, when compared with the same samples not subjected to illumination. Very interestingly, the Runc induced only 10-20% growth inhibition under the same conditions of treatment. Moreover, with Ru-ASO, a remarkable decrease of E6 protein expression (more than 60%, measured by western blot) was detected 24 h post illumination, whereas with Ru-nc a limited decrease of 10-25% was observed. The reduction of E6 protein expression was also able to restore p53 expression (measured by confocal microscopy with cells stained for p53 using a specific antibody; figure 20) , whereas for the cells treated with Ru-nc, no restoration in p53 expression was observed. Moreover, the Ru-ASO treatment under illumination induced antiproliferative effects not only in monolayer cultures but also in a three-dimensional culture (i.e. in an in vivo environment), namely organotypic cultures (figure 21). In agreement with the data on monolayers, Ru-ASO induced, after illumination, a 52 per cent decrease in proliferation of the cells in the organotypic cultures, compared with 12 per cent growth inhibition with Ru-nc (Ki-67 antigen used as a marker of proliferation).
In conclusion, the Ru-ODN G conjugates able to photo-inhibit themselves in the absence of target or with a non-complementary target, prepared and studied under illumination by different techniques and under different experimental conditions, turn out to be not only very efficient but also selective when tested as photoactive Ru-ASO in gene-silencing therapy of HPV + cervical cancer cells. This is quite remarkable in spite of the fact that HPV16 E6/E7 target sequences have been shown to be not well suited for antisense inhibitors [76] .
Conclusion
This review discussed the example of a fundamental study on the synthesis, characterization, photochemistry and photophysics of a special series of Ru-TAP complexes, which led to interesting applications not only for using these compounds as photochemical tools in DNA technology and/or in cellular biology but also for the development of possible future photoactivated drugs for selective gene silencing of cancerous cells.
The whole photoactivity is triggered by a simple PET process that was spectroscopically analysed under pulsed laser irradiation, which also allowed kinetic analysis of the forward and back electron transfer. If this latter process were 100 per cent efficient, of course, the applications outlined in this review would not have been possible. Further studies are required into developing processes that make the back electron transfer negligible and that favour adduct formation. This is not that simple, because, as illustrated by the abovementioned different studies, this depends on numerous factors such as the affinity and geometry of interaction of the photoactive Ru complex with DNA. As shown by the results with the Ru-ODNs, depending on the system, the criteria that should be fulfilled in designing efficient Ru complexes is sometimes counterintuitive. Indeed, one could think a priori that an intercalating complex with a high affinity for DNA would be more favourable. However, in the case of a complex tethered to an ODN, the intercalation handicaps the formation of a mono-adduct.
The discovery of bi-adduct formation for which two photons have to be used per bi-adduct production from a free (non-attached) complex could lead to interesting selective or even specific photoactive molecular tools in DNA technology. Thus, special Ru-TAP complexes, mononuclear, dinuclear or even polynuclear compounds could be tailored to the length separating the G bases that one would wish to be photo-cross-linked. However, in the case of bi-adduct formation, the mechanism of production is still unknown, except for the fact that a photon has to be absorbed by the mono-adduct that is formed and that, of course, a second G base has to be in the vicinity of this mono-adduct. The mechanism is specially intriguing because the isolated mono-adduct exhibits no or very weak emission [19] . Kinetic studies under femto-, pico-and nanosecond pulsed laser illumination of the isolated mono-adduct are presently in progress for clarifying the different processes taking place.
The use of Ru-ODN G as Ru-ASO, as demonstrated in the case of inhibition under illumination of the expression of the gene E6 in HPV + cancerous cells, is especially interesting. Indeed, it opens the way to diverse applications of gene silencing corresponding to different types of cancer or illnesses. The main advantage, as shown by the first results, would be the specificity or selectivity of the action, not only because it is triggered exclusively under illumination but also because only one gene is targeted. This selectivity should probably be attributed to the 'seppuku' effect of these Ru-ASO G conjugates that should lead to fewer off-target effects.
